INTRODUCTION {#sec1-1}
============

Spontaneous intracranial hypotension (SIH) is caused by cerebrospinal fluid (CSF) leak, which leads to significant volume loss from the subarachnoid space and intracranial pressure changes. The characteristic clinical presentation is orthostatic headache, frequently accompanied by nausea, dizziness, neck stiffness, upper extremity radicular pain, cranial nerve palsies, tinnitus or decreased hearing, blurry vision, or chronic headaches.\[[@ref24][@ref26]\] In patients who can tolerate lumbar puncture (LP), a CSF opening pressure of less than 60 mm H~2~O is a common finding.\[[@ref26]\]

Although a precipitating etiology is often difficult to identify, retrospective studies have estimated that between 16% and 38% of SIH patients have an underlying heritable connective tissue disorder (HCTD), such as Marfan syndrome, Ehlers--Danlos syndrome, Loeys--Dietz syndrome, or benign joint hypermobility syndrome.\[[@ref3][@ref10][@ref15][@ref18][@ref33]\] An association between SIH and HCTD was also identified by two prospective analyses, which observed evidence of HCTD in 18% and 66% of 50- and 18-patient cohorts with SIH, respectively.\[[@ref21][@ref25]\]

The underlying pathophysiology predisposing HCTD patients toward CSF leak remains incompletely understood, although recent pathologic and genetic analyses have furthered key theories regarding the primary mechanism. Histologic analysis of Marfan syndrome models in mice have shown significant attenuation of dural tissue and pronounced fibro-connective disorganization, suggesting that inherent structural weakness in the dura itself is responsible for the high rate of tearing.\[[@ref9]\]

Marfan syndrome is an autosomal dominant disease affecting the connective tissue protein fibrillin-1, with an estimated prevalence of 1 in 5000-10,000.\[[@ref22]\] Disease expressivity is highly variable, yielding a broad range of clinical findings.\[[@ref4]\] This is due, in part, to the widespread expression of fibrillin-1 (*FBN1*) throughout the extracellular matrix in ophthalmologic, pulmonary, integumentary, and dural systems, where the mutant form disrupts normal tissue architecture.\[[@ref35]\] Correspondingly, Marfan syndrome is diagnosed using a complex clinical schema called the Ghent Nosology, whose major criteria include skeletal, cardiovascular, ocular, and dural abnormalities, as well as family history.\[[@ref11]\] Components of the characteristic habitus observed in Marfan syndrome and related HCTD include dolichostenomelia, which describes disproportionately elongated limbs, and arachnodactyly, which describes long, slender fingers, relative to the palm.

On a molecular level, abnormalities in transforming growth factor beta (TGFβ) are implicated in the relationship between HCTD and weak connective tissue. Loeys--Dietz syndromes types 2A and 2B arise from mutations in the TGFβ receptor gene *TGFBR1* and *TGFBR2*, leading to fibroblast signaling abnormalities, while TGFβ dysregulation and overexpression have been observed in Marfan syndrome pathogenesis.\[[@ref1][@ref12]\] Marfan and Loeys--Dietz syndromes are associated with high rates of dural ectasia (DE) and SIH.\[[@ref33]\] However, the specificity of abnormalities in TGFβ signaling to DE and SIH is unclear, as other studies have demonstrated comparable rates of DE in HCTD patients with and without mutations in *FBN1*, *TGFBR1*, and *TGFBR2*.\[[@ref31]\]

DE is qualitatively defined as widening of the spinal canal, posterior scalloping of the vertebral body, thinning of the cortex of the pedicles and laminae, widening of the neural foramina, or the presence of a meningocele.\[[@ref2][@ref4][@ref17][@ref20][@ref32]\] The finding is relatively specific for HCTD, and demonstrable in 60-92% of patients with a diagnosed HCTD.\[[@ref2][@ref6][@ref7][@ref11]\] As DEs are a major criteria in the Ghent Nosology, at least five sets of guidelines have been proposed for defining DE by computed tomography (CT) or magnetic resonance (MR) imaging.\[[@ref8][@ref13][@ref33][@ref37]\]

Oosterhof\'s method, which found DE in 88-94% of Marfan patients and 44-47% of controls, measures the ratio of the anteroposterior dural sac diameter to the vertebral body diameter against specified cut-offs.\[[@ref17]\] Ahn\'s method, which found DE in 72-76% or Marfan patients and 29-44% of controls, defines DE when the midsaggital diameter of the spinal canal is greater at S1 than L4.\[[@ref2]\] Söylen\'s method multiplies the transverse and sagittal width of the dural sac at three levels per vertebral body (superior endplate, midcorpus, inferior endplate) and compares the average of the three measurements against another set of cut-offs.\[[@ref32]\] Several analyses have compared these criteria and found significant discrepencies between them, with Ahn\'s and Söylen\'s methods showing significantly more specificity than Oosterhof\'s.\[[@ref32][@ref37]\] In this report, we omit commentary on the systems outlined by Fattori and Villeirs, as they depend on qualitative and CT criteria, respectively.\[[@ref5][@ref34]\]

As these radiographic metrics provide an important tool for evaluating the possibility of underlying HCTD and, therefore, susceptibility to SIH, they provide important diagnostic information that may shape management decisions in patients with postural headaches. Correspondingly, this report incorporates a validation of the three methodologies described earlier in a patient with known HCTD.

Other studies have approached the relationship between HCTD and DE from a clinical perspective, evaluating connections between characteristic disease features and incidence of DE. Although many HCTD features were tested, the only significant association found was between the skeletal manifestations of HCTD and DE, and the authors correspondingly concluded that the SIH mechanism is likely driven by reduced resistance in the osseous structures and structural disturbances at the bone--dura interface.\[[@ref31]\] This theory is supported by another study that observed Marfanoid skeletal features in 21% of all patients with SIH.\[[@ref29]\] Finally, a case-control analysis showed that the only HCTD feature significantly elevated among patients with diagnosed SIH was dolichostenomelia (Marfanoid habitus).\[[@ref10]\]

In spite of the different mechanisms each supports, all of these studies link structurally weak connective tissue to DE and dural structural abnormalities in general and, consequently, elevated risk of SIH. Although a definitive relationship between *FBN1* or *TGFβ* genes and DE has not been proven, these mutations remain areas of active research. Further, the emerging understanding of pathology-driven skeletal and dural abnormalities occuring independently of syndrome-defining mutations suggests a higher-than-estimated prevalence of dural abnormalities in the population at large. Finally, in this report we not only revisit the significant relationship between HCTD and SIH, but also emphasize the central role for noninvasive diagnostic and therapeutic modalities - in particular, MR myelography and conservative mangement. Awareness of these techniques and the powerful clinical insight they offer in SIH is essential, as many patients with Marfan syndrome and other HCTD are anticoagulated for co-morbid valvular disease and are not candidates for more common and invasive interventions, including LP and conventional CT myelography with intrathecal contrast agents.

CASE REPORT {#sec1-2}
===========

A 58-year-old, right-handed female with a history of Marfan syndrome, mechanical aortic valve replacement on warfarin anticoagulation, and hypertension presented to NYU Medical Center complaining of a severe, sudden-onset headache after straining at stool. She described her headache as diffuse, with radiation to the neck, dizziness, and light-headedness. She had experienced a single episode of severe nausea with vomiting. The headache worsened in the upright position.

On neurologic examination, the patient was awake, alert, and fully oriented. Her cranial nerves were grossly intact. She had no focal motor, sensory, or cerebellar deficits. Fundoscopic examination revealed no papilledema. Physical exam findings consistent with Marfan syndrome included dolichostenomelia and arachnodactyly, and her cardiovascular examination confirmed a mechanical aortic valve. The remainder of her exam was noncontributory. The patient\'s INR was 4.2, consistent with warfarin anticoagulation. All other laboratory tests were within normal limits.

Imaging of the brain demonstrated mild dilatation of the lateral ventricles with crowding of the gyri, and inferior displacement of the posterior fossa structures, with the cerebellar tonsils extended below the level of the foramen magnum \[[Figure 1a](#F1){ref-type="fig"}\]. An atrial diverticulum was noted as a medial out-pouching of the trigone of the left lateral ventricle \[[Figure 1a](#F1){ref-type="fig"}\].

![Diagnostic imaging. (a) Coronal and sagittal T1 with gadolinium and axial T2 MRI demonstrating mild dilatation of the lateral ventricles, left atrial diverticulum, and inferior displacement of the cerebellar tonsils (McRae\'s line in yellow). (b) MR myelography of the thoraco-lumbar and cervico-thoracic spine with 3D reconstruction demonstrating lumbar DE (triangles), root sleeve cysts (arrows), and paraspinal CSF bands (arrowheads). (c) MR myelography of the cervico-thoracic spine demonstrating root sleeve cysts (arrows) and extravasation of CSF with paraspinal CSF band (arrowheads)](SNI-5-8-g001){#F1}

Neurosurgery was consulted to evaluate the patient. She was admitted to the neurosurgical intensive care unit for monitoring and repeat imaging to rule out worsening ventriculomegaly. The suspicion of SIH due to tonsillar herniation in the setting of diagnosed Marfan syndrome prompted empiric treatment with intravenous hydration and keeping the patient flat for 48 hours. Warfarin anticoagulation was stopped to prepare for the possibility of an urgent intervention and an intravenous heparin drip was started the following day. Repeat CT was stable, the patient\'s symptoms declined steadily, and gradual elevation of the head of the bed was tolerated.

As the patient was anticoagulated for a mechanical aortic valve, she was considered ineligible for LP to evaluate opening pressure or administer contrast for conventional myelography. Correspondingly, definitive evaluation was completed via noninvasive MR myelography and spinal MRI \[Figure [1b](#F1){ref-type="fig"} and [c](#F1){ref-type="fig"}\]. Multiple sacral and thoracic root sleeve cysts and paraspinal thin bands of CSF were observed in the left thoracic region, consistent with CSF extravasation \[Figure [1b](#F1){ref-type="fig"} and [c](#F1){ref-type="fig"}\]. DE was noted at multiple levels from L3-S2, with positive findings by Oosterhof\'s, Ahn\'s, and Söylen\'s criteria \[[Figure 2](#F2){ref-type="fig"}\]. Of note, the patient also had a significant scoliotic deformity, which may have introduced a degree of error into applying these metrics.

![Validation of radiographic metrics for DE. (a) Validation of Oosterho\'s method, with positive findings for DE. (b) Validation of Ahn\'s method, with positive findings for DE. (c) Validation of Söylen\'s method, with positive findings for DE. DSD: Disk space diameter; VBD: Vertebral body diameter; AVG: Average; TW\*SW: Transverse width \*sagittal width](SNI-5-8-g002){#F2}

Given the resolution of the patient\'s symptoms under conservative management, no further interventions were required. During her hospital course the patient suffered a silent myocardial infarction, but she was ultimately discharged home without additional complications. She has remained free of orthostatic headaches for 15 months since this event.

DISCUSSION {#sec1-3}
==========

Management of suspected SIH begins with conservative treatment before proceeding to more invasive modalities. Initially, patients are hydrated and maintained in a flat position to reduce hydrostatic pressure and promote dural scaring. Patients who do not improve or who deteriorate during observation may be considered for an epidural blood patch (EBP), a minimally invasive therapy in which a small volume of autologous blood is injected into the epidural space to seal the underlying CSF leak. Although its use as first-line therapy is controversial, EBP has been shown to have 56-77% success rates in prospective trials.\[[@ref14][@ref16][@ref25][@ref30]\] If patients continue to deteriorate or fail to improve following EBP, surgical repair of the dura---which has been demonstrated to be a safe and effective treatment for SIH---is a final option for definitive therapy.\[[@ref27][@ref28]\]

Definitively diagnosing SIH is a clinical priority, and awareness of a co-morbid HCTD and the limitations it may place on available measures is essential. Conventional radiographic myelography often plays a central role in diagnosis---in terms of measuring CSF opening pressure, assessing DE and evaluating for a site of leak. Sometimes, as our case illustrates, patients are not good candidates for an invasive procedure. In such instances, alternative modalities must be chosen. One such technique is the noninvasive MR myelogram, which utilizes a single shot fast spin echo T2-weighted sequence with long echo time. This results in a heavily T2-weighted sequence allowing for exquisite information of the thecal sac and CSF-intensity-based structures.\[[@ref23]\] Advantages of MR myelography over conventional radiographic/CT myelogram include its noninvasive nature, lack of the need to administer intrathecal contrast, and lack of ionizing radiation. A relative limitation of MR myelogram is its inability to obtain a CSF opening pressure. In fact, MR myelogram has been demonstrated to be just as accurate as a CT myelogram in localizing CSF leak in patients with SIH.\[[@ref19][@ref36]\] This is well illustrated by the present case, in which DEs were identified in the lumbar spine by MRI, while MR myelography ultimately demonstrated CSF extravasation in the thoracic spine.

The major issue complicating use of MRI and MR myelography in HCTD patients is the lack of standardized radiographic criteria for DE. As described earlier, among the current methodologies for defining DE, several are nonquantitative, while others vary widely in their findings: A head-to-head comparison of the techniques descibed by Villiers, Oosterhof, and Ahn found that all three systems agreed on only 2 of 53 patients, while Ahn\'s and Oosterhof\'s methodologies agreed on 13.\[[@ref37]\] Although we positively identified DE using all three criteria in the present case, we also note that her DE were severely advanced and some confounding may have occurred due to her underlying scoliosis. As DE and HCTD are significant risk factors for SIH, confirming the diagnosis may guide management decisions in patients with postural headaches, and a more reliable and standardized set of criteria that will accurately capture all patients---in particular, those with more subtle DE---should be developed.

CONCLUSION {#sec1-4}
==========

Our case also illustrates how an understanding of the association between HCTD and SIH will help mitigate concern for other, less likely diagnoses in comparable clinical circumstances. Based on initial imaging, concern was raised by radiology for acute hydrocephalus or a spontaneous atrial diverticulum as the primary process underlying the patient\'s symptoms. However, after her history of Marfan syndrome was taken into account, SIH was identified as the most likely primary pathologic event, which subsequently precipitated low CSF pressure originating from the spine and downward herniation of the cerebellar tonsils.

We believe our case illustrates a range of important considerations surrounding common complications of SIH, especially in patients with underlying HCTD. In particular, we stress the value of conservative management and the utility of noninvasive diagnostic techniques in patients on long-term anticoagulation. Our case also adds to mounting evidence that the radiographic criteria defining DE are inadequate and require further reevaluation and standardization to assure accurate diagnosis. We highlight the need to advance our understanding of the underlying mechanisms of disease, both in hope of providing more effective treatment options to patients with HCTD and to enhance our understanding of risk factors that may be predisposing patients both with and without syndromic HCTD to develop SIH. Accordingly, we recommend that neurosurgeons consider SIH in the differential for all cases of acute and chronic postural headaches, with particular attention to patients with history or physical exam findings suggestive of HCTD.
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